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SECTION 2 –OBJECTIVES | TIMELINES | OUTCOMES | BUDGET 
(A comparison of actual accomplishments to the objectives for that period?) 

 
OBJECTIVES. The overarching goal of this study is to conduct a pilot study to characterize the impact of 
native or “wild” yeast biodiversity on wine quality of a representative PA red hybrid variety, Chambourcin. Our 
goal is not to change current practices that utilize commercial starter cultures for fermentation, but to provide 
data-driven knowledge to Commonwealth wine growers and producers exploring the use of noninoculated or 
“wild” fermentation to produce region-specific flavor signatures.  
 
Our specific objectives are to: 
 

1. Identify differences in fermentation kinetics and flavor profiles of laboratory-scale inoculated (with 
commercial S. cerevisiae) vs. noninoculated fermentations of PA Chambourcin.  

2. Isolate native yeast populations on Chambourcin grapes in PA 
 

The proposed exploratory project will be a proof-of-concept and a model for future research related to 
developing and optimizing varietal-specific yeast species for fermentations of other Vitis vinifera and hybrid 
varieties that possess the potential to produce high-quality wines.  
 
TIMELINES. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Major Tasks Timeline Status of 
completion 

Major tasks 1: Pre-proposal Months  
 
Sub-task 1.1 Establish relationships with regional 
growers/winemakers and present overall project goals to Wine 
and Research Board, obtain feedback; establish SOPs for 
sample collection and handing 
Sub-task 1.2 Hire personnel and conduct team meeting 
Sub-task 1.3 Survey Chambourcin sampling sites in Southeast 
PA (Lehigh Valley) 
Sub-task 1.4 Optimize and establish laboratory-scale 
fermentation  
 

 
To be done 

before project 
initiation 

 
1-3 
4 
 

4-6 
 

 
All sub-tasks 

proposed in this 
category has been 

successfully 
accomplished 

Major tasks 2: Proposed work    
 
Sub-task 2.1 Winemaking using noninoculated vs. inoculated 
fermentation, determine chemical composition of juice and 
wine  
Sub-task 2.2  DNA extraction, PCR and quality assessment 
Sub-task 2.3  Library preparation and DNA sequencing 
Sub-task 2.4 Submit first year progress report 
 
Sub-task 2.5 Bioinformatics and data analysis 
Sub-task 2.6 Manuscript preparation 
Sub-task 2.7 Team will present findings at PA wine conference 
or other meetings (if appropriate) 
 

 
7-10 

 
 

10-11 
10-11 

12 
 

13-18 
19-23 

24 

 
Completed 

 
 

Completed 
Completed 
Completed 

 
Completed 
Completed 
Completed 
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OUTCOMES. Outcomes from this grant are divided into two categories, accomplishments of objectives directly 
related to the proposed work (outlined in major tasks table) and indirect outcomes associated with the proposed 
work (outlined below in this section). 

1. Two new grant submissions from data generated from this research ($ 173,757 total funding). 

 
2. Additional proposal submission this funding cycle, pre-proposals due April 24.  

 
3. Workforce development. This PDA grant has supported research and training of two graduate students and 

four undergraduate students engaged in wine research. Key performance indicators listed below. 
 

 
a. M.Sc student thesis, "Exploring the impact of wild yeasts isolated from Chambourcin grapes on wine-

related aroma compounds." (August 2018 – December 2020). Current status: Student successfully 
defended M.S. thesis and published one peer reviewed article (manuscript attached) 

 
Feng, C. T., Du, X., & Wee, J. (Author) (2021). Microbial and Chemical Analysis of Non-Saccharomyces Yeasts from 
Chambourcin Hybrid Grapes for Potential Use in Winemaking. Fermentation 7(1). DOI: 10.3390/fermentation7010015, 
ISBN/ISSN: 2311-5637 https://www.mdpi.com/2311-5637/7/1/15 

 
b. M.Sc student thesis, "Exploring the impact of Chambourcin grapes and fermentation microbiome on 

wine related chemical compounds." (August 2018 – August 2020). Current status: Student successfully 
defended M.S. thesis and published one peer reviewed article (manuscript attached) 

 
Wang, H. L., Hopfer, H., Cockburn, D., & Wee, J. (Author) (2021). Characterization of Microbial Dynamics and 
Volatile Metabolome Changes During Fermentation of Chambourcin Hybrid Grapes From Two Pennsylvania Regions. 
Frontiers in Microbiology 11, 3454. DOI: 10.3389/fmicb.2020.614278, ISBN/ISSN: 1664-302X 
https://www.frontiersin.org/article/10.3389/fmicb.2020.614278 

 
c. Two undergraduate research projects on, "Isolation and characterization of wild yeasts on Chambourcin 

wine grapes." (June 2018 - July 2018). Co-funded by USDA-REEU Bugs in my Food program. 
 

d. Two presentations at local or regional meetings. 
 
Wang, H. L. and Wee, J., (Co-Author) (March 12, 2019 - March 13, 2019). "Association between 
microbiome diversity and chemical composition in a red wine system," Wine Microbiology Workshop, 
Penn State College of Agricultural Sciences Extension, State College. State.  
 
Feng, C., and Wee, J. (Co-Author) (March 5, 2019). "Exploring the microbial populations and wild yeast 
diversity in a Chambourcin wine model system," 2019 Pennsylvania Wine Symposium, Pennsylvania 
Wine Marketing and Research Board, State College, PA. State. 
 
Feng, C, Wang H, Wee, J (Feb 18, 2020) “Identification and characterization of indigenous yeast Pichia 
and Hanseniaspora spp. for use in Chambourcin winemaking”, American Society for Enology and 
Viticulture. Joint 71st ASEV National Conference and 45th ASEV Eastern Section Annual Meeting in 
Portland, Oregon, USA, June 15 - 18, 2020. *abstract submitted, program cancelled due to COVID-19 
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global pandemic. 
 

4. Media coverage. Media coverage on Chambourcin study “A Winning Wine” in Penn State Ag Magazine “The 
Mighty Microbiome”. https://agsci.psu.edu/magazine/articles/2020/winter/the-mighty-microbiome  

 

BUDGET. Financial reporting on this project is provided by the Department of Research Accounting at PSU in 
accordance with the terms of the grant agreement. 

 

 
SECTION 3 – SCOPE OF WORK 

(Reasons why established objectives were not met, if applicable?) 

Not applicable. 
 

SECTION 4 – DELAYS/RISKS 
(Reasons for any problems, delays, or adverse conditions which will affect attainment of overall program objectives, prevent meeting time 

schedules or objectives, or preclude the attainment of particular objectives during established time periods. This disclosure shall be 
accomplished by a statement of the action taken or planned to resolve the situation?) 

We requested a six month COVID-extension from June 30, 2020 to Dec 30, 2020 for this project.  
 
 

 
SECTION 5 – SPECIAL NOTES 

(What objectives and timetables are established for the next reporting period? Etc.) 
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Abstract: Native microorganisms present on grapes can influence final wine quality. Chambourcin is
the most abundant hybrid grape grown in Pennsylvania and is more resistant to cold temperatures
and fungal diseases compared to Vitis vinifera. Here, non-Saccharomyces yeasts were isolated from
spontaneously fermenting Chambourcin must from three regional vineyards. Using cultured-based
methods and ITS sequencing, Hanseniaspora and Pichia spp. were the most dominant genus out
of 29 fungal species identified. Five strains of Hanseniaspora uvarum, H. opuntiae, Pichia kluyveri,
P. kudriavzevii, and Aureobasidium pullulans were characterized for the ability to tolerate sulfite and
ethanol. Hanseniaspora opuntiae PSWCC64 and P. kudriavzevii PSWCC102 can tolerate 8–10% ethanol
and were able to utilize 60–80% sugars during fermentation. Laboratory scale fermentations of
candidate strain into sterile Chambourcin juice allowed for analyzing compounds associated with
wine flavor. Nine nonvolatile compounds were conserved in inoculated fermentations. In contrast,
Hanseniaspora strains PSWCC64 and PSWCC70 were positively correlated with 2-heptanol and ionone
associated to fruity and floral odor and P. kudriazevii PSWCC102 was positively correlated with a
group of esters and acetals associated to fruity and herbaceous aroma. Microbial and chemical char-
acterization of non-Saccharomyces yeasts presents an exciting approach to enhance flavor complexity
and regionality of hybrid wines.

Keywords: wine; hybrid grapes; fermentation; non-Saccharomyces yeast

1. Introduction

Saccharomyces cerevisiae has been widely applied to many fermentation processes
including baking, winemaking, and brewing for thousands of years [1]. High tolerance
of glucose and ethanol, and ability to convert sugars to alcohol in fermentation makes
S. cerevisiae important for alcoholic beverages [2]. In winemaking, commercial strains of
S. cerevisiae are selected for their efficient and reliable fermentation capabilities especially
important in producing final wines that are consistent in taste and aroma. Although
commercial S. cerevisiae yeasts are common in winemaking, there is increasing interest in
using non-Saccharomyces yeasts (also known as native ‘wild’ yeasts) during early stages
of wine fermentation. Previous studies demonstrate that unique physiological properties
of certain non-Saccharomyces yeast strains can influence resulting wine such as alcohol
levels and volatile metabolite profile [3–7]. For example, Metschnikowia pulcherrima and
Torulaspora delbrueckii were able to produce 0.28 and 0.3 g ethanol/g sugar, respectively,
compared to S. cerevisiae at 0.46 g ethanol/g sugar [8]. Decreased ethanol levels in wines
is favorable from a regulatory and health-related perspective [9]. Coinoculation of non-
Saccharomyces yeasts such as Hanseniaspora uvarum and Starmerella bacillaris were able to
enhance aromatic profile by producing higher alcohols that correspond to floral odor (i.e., β-
phenylethyl alcohol) [10–12]. β-phenylethyl alcohol is an important phenolic higher alcohol
in wine and consumers have responded favorably to richer, fruitier, and more complex
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styles of wine [9,13]. Thus, targeted use of non-Saccharomyces yeasts through sequential or
coinoculation can favorably impact physicochemical properties that determine quality of
final wines.

The composition, distribution, and abundance of non-Saccharomyces yeasts are affected
by environmental factors such as weather, soil, rainfall, and winemaking practices [14].
Among diverse non-Saccharomyces yeasts present within vineyards and winery environ-
ments, Hanseniaspora spp., Pichia spp., and Candida spp. are dominant yeast populations
that have been previously reported to contribute to the initial stages of fermentation and
improve the organoleptic characteristics of final wine [15]. To date, most studies that char-
acterize the diversity of non-Saccharomyces yeasts have been associated with Vitis vinifera
varieties. Much is still unknown relative to how microbial populations present on hybrid
grapes affect final wine quality. Hybrid grape varieties or also known as interspecific
varieties have been of recent interest due to their versatile characteristics related to the
ability to tolerate extreme cold weathers and increased disease resistance [16]. For example,
Marquette (cross between two hybrids, MN 1094× Ravat 262) is resistant to downy mildew
and cold temperature at −34 ◦C [17]. Chambourcin (Joannès Seyve × Seibel 5455) is a
French–American hybrid grape varietal and is the most abundant hybrid grape grown in
Pennsylvania, USA. Chambourcin grapes have been shown to tolerate cold temperatures
(−25 ◦C) and fungal diseases such as grey rot caused by Botrytis cinerrea [17]. Therefore,
hybrid grapes could be used as an approach to decrease risks of wine faults.

During the initial and early stages of winemaking, sulfur dioxide (SO2) and ethanol are
critical intrinsic factors that can directly impact the diversity and abundance of microbial
populations including non-Saccharomyces yeasts. The addition of SO2 is recommended
for protection against spoilage fungi or bacteria. Therefore, one important characteristic
of wine yeasts is the ability to tolerate and grow in varying levels of sulfites during
winemaking. On the other hand, tolerance of wine yeasts to increasing concentrations of
ethanol during alcoholic fermentation is also a prerequisite for winemaking. Generally, red
wines contain between 12% and 14% of ethanol and commercial strains of S. cerevisiae have
been reported to be able to tolerate up to 13% ethanol [18]. However, depending on the
yeast strain, cell growth and viability can be inhibited by high ethanol concentrations, and
thus limit fermentation productivity and ethanol yield [19–22]. Therefore, physiological
properties of yeast strains such as SO2 and ethanol tolerance is important to support the
use of non-Saccharomyces yeasts in winemaking applications.

Wine flavor is a complex interaction of nonvolatile and volatile chemical constituents
that contribute to taste and smell. Certain core compounds such as ethanol, glycerol, or-
ganic acids, and residual sugars contribute to the primary taste of wine. Sensory panelists
perceive these core nonvolatile compounds as a mouth-warming effect, viscosity, sourness,
and sweetness. These core compounds are fundamental components of wine which an
individual experiences via sense [23]. On the other hand, volatile compounds in wine are
composed of hundreds of different compounds with concentrations ranging from 10−1 to
10−10 g/kg typically perceived as wine aroma [24]. Wine associated volatile metabolites are
a result of three processes, (1) metabolism of grape-derived compounds into active aroma
compounds, (2) biosynthesis of fermentation-derived metabolites, and (3) post-fermentation
practice-derived metabolites such as barrel aging [25]. Previous literature have identified
methoxypyrazines, C13-norisoprenoids, volatile sulfur compounds, and terpenes as the major
contribution to primary aroma, and volatile fatty acids, higher alcohols, esters, and aldehydes
as contribution to secondary aroma [26,27]. However, the balance and interaction of these
chemical compounds determine the wine quality. The biosynthesis of these compounds
depends on the microorganism present in winemaking. Therefore, in order to isolate and
identify novel non-Saccharomyces yeast strains for applications in winemaking, it is critical to
analyze core volatile and nonvolatile metabolites of individual strains.

The annual economic impact of the wine industry in the State of Pennsylvania is
approximately USD 2.5 billion with more than 300 wineries across the State. Pennsylvania is
ranked fifth for wine production in the USA [28,29]. The overall objective of this study is to
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determine the potential contribution of hybrid grapes-associated non-Saccharomyces yeasts
for use in winemaking to enhance regionality of local wines. Cultured-based methods
coupled with ITS sequencing were used to isolate and identify Chambourcin-associated
non-Saccharomyces yeasts from three regional vineyards in Pennsylvania. UHPLC-RI and
GC-MS were used to measure volatile and nonvolatile compounds within inoculated
fermentation using five candidate non-Saccharomyces yeast in a sterile Chambourcin grape
juice system. Here, we focus on volatile metabolite changes that drive differentiation
between candidate non-Saccharomyces yeasts compared to the commercial benchmark strain,
S. cerevisiae. We hypothesize that non-Saccharomyces yeast isolated from hybrid grapes
like Chambourcin can enhance regional characteristics of hybrid grapes and potentially
increase the quality and appreciation of hybrid wines.

2. Materials and Methods
2.1. Grape Sampling and Juice Collection

Chambourcin grapes were obtained from three regional vineyards in Pennsylvania, USA.
Grapes were collected and refrigerated at 4 ◦C until further processing (not more than 72 h).
One hundred and fifty grams of grape berries were crushed to produce must and allowed to
ferment in a 1000-mL sterile beaker covered with aluminum foil at 25 ◦C for 24 h. Previous
studies demonstrate that addition of sulfite is one factor that can decrease richness and
evenness of non-Saccharomyces yeast during fermentation, thus representative yeast selection
was conducted without supplemental sulfite to maximize isolation of diverse populations.

2.2. Growth Media and Fungal Isolation

To isolate and identify non-Saccharomyces yeasts, a combination of microbiological
culture-based approaches with molecular methods facilitates the identification of species.
Fungal isolation was conducted as outlined in Raymond Eder et al. (2017) and Vaudano
et al. (2019) with minor modifications related to type of selective agar and sampling
timepoint [14,30]. To isolate grape-associated fungal populations, appropriate dilutions
(10−1∼10−4 dilutions) of fermented Chambourcin must at 0 and 24 h were plated on
Dichloran Rose Bengal Chloramphenicol (DRBC) agar based on manufacturer’s instructions
(Difco, Sparks, MD, USA). DRBC agar is recommended for the enumeration and selection
of yeasts and molds in food and dietary supplements. It contains peptone as a source
of carbon and nitrogen, dextrose as a sugar source, and magnesium sulfate to provide
trace elements [31]. Chloramphenicol is added to inhibit bacterial growth resulting in
better recovery of fungal cells, and rose bengal is added to increase the selectivity of
non-Saccharomyces yeast by suppression of rapidly growing molds such as Neurospora and
Rhizopus spp. [32]. Dichloran is added to inhibit the spreading of molds by reducing colony
diameters [33]. Culture plates were incubated at 25 ◦C for 5 days. Twenty colonies were
selected based on unique colony morphology observed from 0 and 24 h samples across all
three regional wineries. Five milliliter enrichments were prepared for individual isolates
using liquid yeast peptone dextrose (YPD) medium (1% yeast extract (Difco, Sparks, MD,
USA), 2% peptone (Difco, Sparks, MD, USA) and 2% dextrose (VWR International, Radnor,
PA, USA)), and grown at 25 ◦C for 24 h with shaking at 200 rpm (standard laboratory
conditions). Yeast Peptone Dextrose is a complete medium used for cultivation of a wide
range of yeasts, including Saccharomyces cerevisiae [34]. Four milliliters of enrichment
culture (YPD + single colony yeast isolate grown for 24 h) was centrifuged at 3000×
g for 3 min, supernatant was discarded, and cell pellets were kept frozen at −80 ◦C
until further use. Remaining enrichment cultures were stored at −80 ◦C as a yeast cryo-
stock supplemented with 30% (v/v) glycerol and deposited into our laboratory’s culture
collection. Saccharomyces cerevisiae BY4742 [ATCC 4040004, YVC1] was used as a reference
strain, grown in liquid YPD medium under standard laboratory conditions, and stored
with 30% (v/v) glycerol at −80 ◦C.



Fermentation 2021, 7, 15 4 of 23

2.3. Molecular Identification of Fungal Isolates

After culturing of yeast isolates, internal transcribed spacer (ITS) region consisting
of the 5.8S rRNA genes has been shown to provide the highest probability of successful
identification for the broadest range of fungi [35]. Thus, studies to date use a combination
of culture-based methods and sequencing to identify fungal populations in complex fer-
mentation systems such as winemaking. A total of 120 isolated strains were identified by
analysis of the ribosomal internal transcribed spacer (ITS) region (ITS1-5.8S-ITS2) from
three regional vineyards [30]. It is important to note that for molecular identification of
Ascomycota yeast, the 28S nuclear ribosomal large subunit rRNA gene (LSU) is used in
combination with the ITS region to improve accuracy of identification [35]. For the purpose
of this study, ITS was chosen to support wine yeast literature as well as metagenomic HTS
analyses [36]. Genomic DNA were extracted from frozen cell pellets using a MasterPure
Yeast DNA Purification Kit based on manufacturer’s instructions (Lucigen, Middleton, WI,
USA). For isolates which resemble filamentous fungi characterized by aerial mycelium
growth, isolates were rinsed with 0.1 M MgCl2 and recentrifuged to obtain dry cell tis-
sue for cell lysis and precipitation of DNA. Genomic DNA for colonies with yeast-like
morphologies were extracted based on manufacturers’ instructions.

The ITS region was amplified by PCR using the universal primers, ITS1 (5′- TCC GTA
GGT GAA CCT GCG G-3′) and ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′) [37]. PCR
was carried out in a final volume of 25 µL, containing 12.5 µL of PCR Master Mix 5Prime
HotMasterMix (Quantabio, Beverly, MA, USA), 1.25 µL of 10 nM forward primer and
1.25 µL of 10 nM reverse primer, and 10 µL of template DNA (10 ng/µL). PCR cycles were
as follows: initial denaturation at 93 ◦C for 3 min and 35 cycles of denaturation at 93 ◦C
for 30 s, annealing at 52 ◦C for 30 s, extension at 72 ◦C for 1 min, with a final extension at
72 ◦C for 10 min. PCR amplicons were separated on 1.5% agarose gel in 1 x TAE buffer,
stained with SYBR Safe DNA gel stain (Invitrogen, Thermo Fisher Scientific, MA, USA) and
visualized using UV transillumination. PCR products were purified using the QIAquick
PCR purification Kit (Qiagen, Hilden, Germany). Sanger sequencing was performed using
ITS4 primers mentioned above at The Pennsylvania State University’s HUCK Institutes of
Life Sciences (University Park, PA, USA) on an Applied Biosystems 3730XL DNA Analyzer
(Applied Biosystems, Foster City, CA, USA).

ITS sequences obtained from Sanger sequencing were subjected to visual quality
assessment on DNA sequencing chromatogram, and then queried using BLAST (https:
//blast.ncbi.nlm.nih.gov/Blast.cgi) as outlined in Brysch-Herzberg and Seidel (2015) and
Raymond Eder et al. (2017) with minor modifications on criteria of alignment score for
molecular identification [30,38]. The species of reference strain was assigned to an isolate
when an identity score of ≥ 99%. Identity scores lower than 99% were assigned a genus
and not further identified to species level in this study. Of important to this study, five
candidate strains were subsequently aligned with GeneBank type strain sequence with the
following identity score: 100% for Hanseniaspora uvarum PSWCC70, 99.25% for H. opuntiae
PSWCC64, 99.74% for Pichia kluyveri PSWCC62, 93.85% for P. kudriavzevii PSWCC102, and
100% for Aureobasidium pullulans PSWCC82. For isolates with multiple possible genus
and species identification from the National Center for Biotechnology Information (NCBI)
database, MycoBank (http://www.mycobank.org/; [39]) was used for fungal synonyms
searching and UNITE (https://unite.ut.ee/) was used for similarity searches against
additional fungal databases to increase identification for that particular fungal isolate.
ITS sequences for this study have been deposited into NCBI (#Accession MW301459-
MW301578). Phylogenetic analysis was conducted using the Molecular Evolutionary
Genetics Analysis (MEGA) software version 10.1.7 [40,41]. ITS sequences were aligned
with Multiple Sequence Comparison by Log-Expectation (MUSCLE) and phylogenetic tree
was constructed using the maximum likelihood (ML) method supported by 500 bootstrap
replications [42,43].

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.mycobank.org/
https://unite.ut.ee/
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2.4. Physiological Characterization of Non-Saccharomyces Yeasts

Candidate non-Saccharomyces yeasts for downstream characterization experiments
were selected based on results obtained from sequencing analysis and the absence of toxin
production based on previously published studies. For example, strains with highest
statistical confidence based on BLAST results, de novo sequences alignment, and phyloge-
netic analysis were selected as candidate strains. Candidate strains Hanseniaspora uvarum
PSWCC70, H. opuntiae PSWCC64, Pichia kluyveri PSWCC62, P. kudriavzevii PSWCC102, and
Aureobasidium pullulans PSWCC82 isolated from spontaneously fermenting Chambourcin
must were chosen for downstream analysis. Saccharomyces cerevisiae BY4742 was used as a
laboratory control.

Candidate non-Saccharomyces yeast strains were grown under varying concentrations
of sulfite and ethanol using a microplate-based method described by Tofalo et al. (2014)
and Englezos et al. (2015) with minor modifications related to the concentration of sub-
strate [44,45]. For characterization of sulfite tolerance, yeast strains were grown in liquid
YPD media with final concentrations of 0, 40, 60, 80, 100 mg/L sodium metabisulfite (VWR
International, Radnor, PA) at pH = 3.0. Sulfites are most effective as an antimicrobial agent
in acidic conditions due to the effect from the molecular SO2 penetrating the cell wall and
disrupting the enzymatic. For characterization of ethanol tolerance, yeast strains were
grown in liquid YPD media (pH = 6.5) containing 0, 8, 10, 12, and 14% (v/v) ethanol (Decon
Labs, King of Prussia, PA, USA). Varying ethanol concentrations were chosen to represent
12–14% ethanol typically present in red wines.

Five candidate strains and one control strain BY4742 were streaked on YPD agar (1.5%
Bacto Agar) (Difco, Sparks, MD, USA) to obtain single colonies which were transferred to
5 mL of liquid YPD media and allowed to grow for 24 h at 25 ◦C with shaking (200 rpm).
Cell pellets were collected by centrifugation at 4000× g for 5 min and washed twice
with sterile phosphate-buffered saline (PBS) and resuspended in fresh liquid YPD media
to obtain a starting optical density (OD) of 0.2 at 600 nm. A starting OD600 of 0.2 is
approximately equal to a cell density of 106∼107 cfu/mL. The resulting yeast culture
(20 µL) was added to 180 µL liquid YPD media supplemented with varying concentrations
of sodium metabisulfite or ethanol described above. The microplate-based assay was
conducted at 25 ◦C and OD600 was measured every 30 min after orbital shaking for
10 s using the continuous measurement mode on a microplate reader for 48 h (BioTek
Instruments, Winooski, VT, USA). To determine ethanol and sulfite tolerance of these
isolates, the ratio (%) between growth of the isolate in YPD media with and without
sodium metabisulfite or ethanol at the end of incubation time (t = 48 h) was calculated
using the following equation:

Growth ratio (%) =
Growth in substract (OD600)

Growth in YPD (OD600)
× 100%

Isolates with a percentage growth ratio of larger than 10% were considered toler-
ant [45]. Three biological experiments containing triplicate samples for each experimental
condition were used for sulfite and ethanol tolerance experiments.

2.5. Laboratory Scale Fermentation

Fresh Chambourcin grapes were obtained from three regional vineyards as described
above. Grapes were crushed in the lab, must obtained, juice centrifuged, and filter-sterilized
through a 0.2 µm membrane filter (VWR International, Radnor, PA, USA) and stored at
−20 ◦C until used. For the remaining of this manuscript, we use the term “sterile juice” to
represent filter sterile Chambourcin juice. Five candidate strains and control S. cerevisiae
BY4742 were inoculated into sterile juice (pH = 3.26) for laboratory scale fermentation.
Inoculated fermentation of sterile juice has been previously established [4,46]. We use the
term “inoculated fermentations” to represent filtered sterile juice inoculated with candidate
yeast strains or control S. cerevisiae. Yeast cultures were prepared from enriched 5 mL of
liquid YPD media with a single colony. Cell pellets were washed with PBS resuspended in




